In our previous study, we showed that follicular helper T (Tfh) cells play an obvious central role in hepatic granuloma formation during Schistosoma japonicum (S japonicum) infection. 12 However, the precise pathogenic mechanism by which Tfh cells promote the granuloma formation remains to be determined. Here, we further demonstrated that Tfh cells recruit eosinophils into liver partially through producing CXCL12 during S japonicum infection. Our findings uncovered a novel mechanism of Tfh cells in the recruitment of eosinophils in schistosomiasis, which contributes to a deeper understanding and may help to design better treatment of the schistosomiasis. 
| MATERIAL S AND ME THODS

| Mice and infection
| Flow cytometry
Single-cell suspensions from spleen, mesenteric lymph nodes and liver were isolated in phosphate-buffered saline (PBS) containing 1% foetal bovine serum as described previously. 12 For CXCL12 + Tfh cell analysis, cells were stimulated for 6 hours in culture medium containing phorbol myristate acetate (PMA, 25 ng/mL; Sigma-Aldrich), ionomycin (1 μg/mL; Sigma-Aldrich) and monensin (Golgi Stop; 1 μg/ mL; BD Biosciences). Cells then were incubated for 30 minutes at 4°C with the following monoclonal antibodies: CD3e-Percp-cy5.5 (clone 145-2C11, eBioscience), CD4-PE-Cy7 (clone GK1.5, eBioscience), PD-1-PE (clone J42, eBioscience) and CXCR5-FITC (clone 2G8, BD Pharmingen 
| Adoptive transfer experiment
| Quantitation of cell populations in the granulomas
Livers were fixed in 10% neutral buffered formalin. Paraffinembedded sections were dewaxed and stained with haematoxylin and eosin. The relative number of eosinophils in the granulomas was calculated by microscopic analysis by randomly counting 200 cells (not including hepatocytes) in each granuloma. Ten sections for each mouse and five microscope fields for each section were counted. 13 
| Transwell migration assay
FACS-sorted Tfh cells or MACS-sorted naïve CD4 + T cells by a
Naive CD4 + T Cell Isolation Kit (Miltenyi Biotec) were placed in the bottom of tissue culture wells in the presence or absence of PMA (25 ng/mL; Sigma-Aldrich) and ionomycin (1 μg/mL; Sigma-Aldrich).
Eosinophils from the liver were incubated with anti-PE microbeads (Miltenyi Biotec) after staining with Siglec-F-PE (clone E50-2440, BD Pharmingen) and purified by MACS. Then, transwell inserts with MACS-purified eosinophils (>95% pure) were placed on top. All of the transwell experiments were repeated three times with 3 wells for each treatment. The percentage of migrated eosinophils in each group was determined using a FACSVerse cytometer (BD Biosciences).
| RNA isolation and reverse transcriptase polymerase chain reaction
Total cellular RNA was extracted using TRIzol (Invitrogen) according to manufacturer's instructions and quantified using a 
| Immunohistochemical analysis
Livers were harvested from infected or normal mice and fixed in 10% neutral buffered formalin. Paraffin-embedded sections were incubated with anti-mouse CXCL12 (Cat 14-7992-81, Thermo
Fisher Scientific) or isotype antibodies (Thermo Fisher Scientific), followed by an HPR-conjugated secondary antibody. DAB was used as the substrate. All images were captured using an Axiovert 200M microscope (Carl Zeiss).
| Statistical analysis
Data were expressed as the mean ± standard deviation. Student's t test was applied for comparisons between two groups, and one-way ANOVA followed by LSD t test was used to compare differences between more than two different groups (GraphPad Prism software, version 5.01). Pvalues of less than .05 were considered as statistically significant.
| RE SULTS
| Tfh cells promote hepatic granuloma formation and control liver eosinophil number in S japonicuminfected mice
Although our previously published data documents that Tfh cells represent a key pathogenic player in schistosomiasis japonica, 12 little is known about how Tfh cells promote the granuloma formation. Given that the granuloma is characterized by the eosinophil-rich granulomatous lesions, 4 we wondered whether Tfh cells promote the granuloma formation through recruiting the eosinophils into the liver during schistosome infection. In ICOSL knockout (KO) mice, a widely used Tfh cell deficiency model, 12, 14, 15 we showed a distinct reduction in the cellularity of granulomas surrounding single schistosome eggs after S japonicum infection ( Figure 1A) . Notably, the relative number of eosinophils in granulomas was substantially reduced in Tfh cell-deficient mice ( Figure 1B) .
To further investigate the contribution of Tfh cells to the increase in eosinophils in the liver of S japonicum-infected mice, Tfh cells were purified from S japonicum-infected WT mice and adoptively trans- 
| Tfh cells recruit the eosinophils in vitro
To investigate whether Tfh cells have the potential to recruit eosinophils, we performed the in vitro transwell migration assay. Tfh cells were sorted with a FACSAria and placed in the bottom of tissue culture wells and transwell inserts with MACS-purified eosinophils (>95% pure) were placed on top (Figure 2A ). Compared with naïve CD4 + T cells, Tfh cells were able to stimulate eosinophil migration ( Figure 2B ). Treatment with PMA and ionomycin markedly enhanced the capacity of Tfh cells to recruit eosinophils in vitro ( Figure 2B ).
Taken together, these results suggest that the soluble proteins secreted by Tfh cells may be involved in this recruitment process.
| Eosinophils express CXCR4 in S japonicuminfected mice
Given that CXCR4-mediated signalling has important roles in both eosinophil recruitment in the context of allergic disease 16 and granuloma formation in schistosomiasis, 17 we performed RT-PCR to test whether eosinophils in the liver of mice infected with S japonicum express CXCR4 transcripts. Results showed that CXCR4 transcripts were detected in eosinophil (lane 3), as well as in lymphocytes as a positive control because the lymphocytes have been reported to express CXCR4 in previous published paper 18 (lane 2) ( Figure 3A ).
More importantly, the surface expression of CXCR4 protein on eosinophils in the liver of infected mice was also clearly detected by flow cytometry (Figure 3B ).
| Tfh cells are an important in vivo source of CXCL12 in livers of mice with schistosomiasis japonica
We next determine whether Tfh cells produced CXCL12, the principal ligand for CXCR4. 16 Interestingly, 30%-50% of Tfh cells constitutively expressed CXCL12 in spleen, lymph nodes and liver from normal mice or infected mice ( Figure 4A,B) . Although no difference in the percentages of CXCL12 + Tfh cells in total Tfh cells was observed in spleen, lymph nodes or liver between normal mice and infected mice ( Figure 4B) , the absolute number of CXCL12 + Tfh cells was markedly increased in mice after schistosome infection ( Figure 4C ). In addition, the expression of CXCL12 in the liver was considerably decreased in Tfh cell-deficient-infected mice compared with WT-infected mice ( Figure 4D ), suggesting Tfh cells as an important in vivo source of CXCL12 in liver in schistosomeinfected mice. 
| Tfh cells recruit the eosinophils partially dependent on CXCL12-CXCR4 axis
Finally, we investigated whether Tfh cells recruited eosinophils via producing CXCL12. We found that CXCL12 blockade by neutralizing antibody impaired the capacity of Tfh cells to recruit eosinophils in the in vitro transwell migration assay ( Figure 5 ). Taken together, these results indicate that CXCL12 produced by Tfh cells contributes to the recruitment of eosinophils in the liver in S japonicum-infected mice. to the granuloma around schistosome eggs is important for understanding the formation of schistosome granulomas. In this study, we demonstrated that Tfh cells promote the migration of eosinophils and that chemokine CXCL12 produced by Tfh cells contributes to Tfh cell-mediated recruitment of eosinophils during schistosome infection. Our findings provide additional insights into granuloma formation and potential therapeutic strategies for schistosomiasis.
| D ISCUSS I ON
Although eosinophils are not necessary for granuloma formation or liver fibrosis in mice following schistosome infection, 19 they are not only a prominent granulomatous component but also an important source of IL-4 to maintain the Th2 responses, 5,7 which supports eosinophils have a redundant but important role in granuloma formation in schistosomiasis.
Our previous paper has demonstrated that Tfh cells have a key role in the formation of hepatic granuloma in S japonicum-infected mice. 12 Although some studies raised the possibility that IL-4 and/ or IL-21 produced by Tfh cells may contribute to Tfh cell-mediated granuloma formation in schistosome-infected mice, [20] [21] [22] the exact mechanisms of how Tfh cells promote the granuloma formation remain unclear. The chemokine receptor CXCR4 and its chemokine CXCL12 are involved in the recruitment of immune and inflammatory cells. 23, 24 Furthermore, evidence suggested that CXCR4 is expressed by circulating eosinophils from Schistosoma mansoni-infected patients. 25 It remains unclear, however, whether CXCL12 was involved in Tfh-mediated eosinophil migration. In this study, we show that Tfh cells promote the migration of eosinophils in part through producing CXCL12, which may contribute to the granuloma formation. However, CXCL12 blockade in vitro only partially limits the ability of Tfh cells to recruit eosinophils, raising the possibility that the other chemokines, such as macrophage migration inhibitory factor (another ligand for CXCR4), eotaxins (ligands for CCR3), may be potentially involved in Tfh cell-mediated migration of eosinophils. 26, 27 In addition, the roles of IL-5 in the proliferation, survival and migration of eosinophils have been investigated in the context of helminth infection. [28] [29] [30] [31] Very recently, IL-5-producing Tfh cells have been identified in allergic disease, 32 raising the possibility that one important mechanism of Tfh-induced eosinophil migration may be through release of IL-5.
Indeed, these may explain why the blockade of CXCL12-CXCR4 axis has only partially compromised Tfh cell-mediated eosinophil recruitment in our study. Therefore, future studies will be crucial for identifying the other pathways of Tfh cell-mediated eosinophil recruitment.
In summary, our study reveals a novel role of Tfh cells in controlling eosinophil migrating and provides additional insights into granuloma formation during S japonicum infection, making Tfh-CXCL12eosinophil axis a potential target for treating schistosomiasis.
